ABSTRACT The attraction of washed, medium-free cells of Pantoea (Enterobacter) agglomerans to wild, adult Rhagoletis mendax Curran, the blueberry maggot ßy, was evaluated in managed blueberry Þelds in Maine. Attraction was evaluated using Pherocon AM and Ladd traps, each tested with or without washed bacterial cells. Field studies showed signiÞcant increases in ßy captures on the Pherocon AM traps. Apple volatiles odors on Ladd traps seemed to cancel the effects of bacterial odors. Aerobic heterotrophic bacteria were isolated and identiÞed from alimentary organs within wild R. mendax. Isolates indentiÞed included P. agglomerans. Blueberries collected in the Þeld were surveyed for the presence of P. agglomerans and blueberries containing blueberry maggot larvae and noninfested blueberries were analyzed for amino acid content. Maggot-infested blueberry contained twice the amino acid nitrogen than that of noninfested blueberry. P. agglomerans, like with other pest tephritids, seems to be a cosmopolite with blueberry maggot.
The blueberry maggot, Rhagoletis mendax Curran, is a major pest of commercially grown wild blueberries in Maine. The biology of R. mendax closely parallels that of the apple maggot ßy, Rhagoletis pomonella (Walsh), found primarily throughout the northeastern United States and eastern Canada. As for most Rhagoletis ßies, their population density is monitored using sticky traps that use visual and olfactory stimuli that mimic natural cues, such as host odor, shape, size, and color (Prokopy and Coli 1978 , Prokopy et al. 1973 , Duan and Prokopy 1992 , Liburd et al. 1998 , Liburd 2004 , Yee et al. 2006 . R. pomonella adults were more attracted to Ladd traps containing certain bacteria than to traps without the bacteria in Þeld tests (MacCollom et al. 1992 (MacCollom et al. , 1994 . The most attractive bacterium, Enterobacter agglomerans, now reclassiÞed as Pantoea agglomerans, was originally isolated from the midgut of wild R. pomonella ßies and from oviposition sites within apple fruit (Lauzon 1991) . In Þeld-cage attraction assays, Lauzon et al. (1998) found that R. pomonella ßies were speciÞcally attracted to strains of P. agglomerans that were able to degrade uric acid, a major source of nitrogen for the ßies in nature (Lauzon et al. 2000) . Courtice (1982) and Drew and Lloyd (1987) have suggested that adult fruit ßies are dependent on highly proteinaceous yeasts and bacteria residing on the phylloplane and that these microorganisms are also important for the development of fruit ßy larvae. In early work, Drew et al. (1983) showed that bacteria were both highly attractive to and provided a nearly complete breeding diet for adult Bactrocera tryoni (Froggatt). Girolami (1986) subsequently reported that microorganisms were essential for larval growth of Ceratitis capitata Weidemann. Neither the nutritional contribution of bacteria in the life history of tephritids nor the attraction to bacteria by adults, however, has been completely explained.
In preliminary studies, P. agglomerans was isolated from the guts of a few wild R. mendax (N ϭ 3; C.R.L., unpublished data). To continue to deÞne any microbial association of R. mendax, we sought to determine (1) whether R. mendax are similar to apple maggot ßies in terms of the presence of P. agglomerans in both adult ßies and infested fruit and (2) their attraction to P. agglomerans. In addition, we examined blueberry tissue from both R. mendax infested and noninfested for their amino acid content to garner some insight toward the possible role bacteria play in larval nutrition.
Materials and Methods
Bacterial Isolation from Adult R. mendax and Blueberries. Pherocon AM (Tré cé , Adair, OK) and Ladd traps (Ladd Research, Williston, VT) containing ammonium acetate and adhesive were placed in areas adjacent to commercial blueberry Þelds in CherryÞeld, ME, during July and August. Twenty-seven live ßies were recovered from traps and sweep nets and placed in sterile glass vials kept on ice until processed, within 24 h, at a microbiology laboratory located at The University of Vermont.
Bacterial isolations were made following the methods detailed in Lauzon et al. (2000) . Brießy, ßies were surface sterilized using a three-step chemical soak and dissected aseptically. Alimentary canal organs (esophageal bulb, crop, and midgut) were individually placed into sterile general nutrient medium broth and incubated for 18 Ð24 h. A sample from each tube was individually streaked for isolation on nutrient agar. Once pure colonies were obtained, bacteria were identiÞed using standard morphological and biochemical tests (Brenner 1992) and API biochemical identiÞcation strips (bioMeriuex, Marcy lÕEtoile, France). Enumeration was achieved using serial dilutions into sterile phosphate buffer (pH 6.8) from original samples that were spread plated onto plate count agar (Difco Laboratories, Franklin Lakes, NJ). Plates were incubated at 24ЊC for 18 Ð24 h, at which time counts were made and concentrations calculated.
Maggot-infested blueberries were surveyed for the presence of P. agglomerans. Maggots, mostly third instar, were removed, and the remaining tissue was aseptically placed into general nutrient medium broth and incubated for 18 Ð24 h. Turbid cultures were subsequently streaked onto MacConkey agar (MAC; Difco), a medium that selects for gram-negative bacteria and differentiates between lactose and nonlactose fermenting bacteria. P. agglomerans on a MAC plate appear as pink colonies because of its ability to ferment lactose. Once pure colonies were obtained, P. agglomerans were identiÞed using API 20E biochemical test strips (bioMerieux) and standard microbiological tests. Noninfested blueberries were examined similarly and served as controls.
Field Attraction Tests. Field evaluations were conducted over a 2-wk period (two 1-wk trials) for 2 yr using washed, medium-free cells of P. agglomerans isolated from blueberry maggot ßies. Washed cells were prepared according to the methods described in MacCollom et al. (1994) . A 4 by 4 Latin Square design was used, with data analyzed by analysis of variance (ANOVA) (Snedecor and Cochrane 1980) . Each cell of the Latin Square was a 61-m square with traps placed in the center of each cell. Pherocon AM and Ladd traps with or without bacterial cells were tested. The Ladd traps also contained apple volatile (Ladd Research). Treatments containing bacteria contained 0.4 ml of washed bacterial cells at an optical density of 0.700 ( ϭ 550 nm) contained in a natural rubber septum (5 by 11 mm; Wheaton ScientiÞc, Millville, N.J.) placed upright and embedded in but not covered with adhesive. Fly captures were recorded daily as part of two weekly trails. Statistical analyses were based on total ßy captures for each treatment.
Amino Acid Analyses. R. mendax larval-infested blueberries and blueberries free of larvae by inspection were collected from a commercial site in CherryÞeld, ME. The samples were frozen and stored in sterile bags until analyzed in the Given Protein Analytical Facility, located within the Department of Biochemistry at The University of Vermont College of Medicine.
Four 10-mg samples from control (noninfested) and treatment (infested) blueberries were individually placed into clean glass tubes containing 10 nmol of norleucine as an internal standard. Forty microliters of 20% thioglycolic acid were subsequently added to each tube. The samples were taken to dryness and placed in 0.5 ml of 6 N HCl in the bottom of a larger hydrolysis tube. Hydrolysates were dissolved in 200 l of citrate buffer and Þltered through 0.45-m Þlters (Acrodisc; Gelman Sciences, Ann Arbor, MI). Twenty-microliter samples were analyzed using an automated cation exchange high-performance liquid chromatography (HPLC) system (Varian, Palo Alto, CA). The separated amino acids were quantiÞed by ßuo-rescence detection of their orthophthaladehyde derivatives. All of the common 20 amino acids except praline, tryptophan, and cysteine were quantiÞed by this procedure. Results were corrected to 100% based on the recovery of the internal standard.
The amino acid composition data were analyzed in comparison to the frequency for each amino acid from collected data on 207 different naturally occurring polypeptides (Klapper 1977) . Analytical data on glutamic acid were calculated as glutamine and glutamic acid and aspartic acid as arginine and aspartic acid based on the relative frequency of each amide to corresponding acid in the 207 polypeptides. All data for total amino acid content of blueberry samples are based on the 17 amino acids detected. This collectively represents 91.5% of the amino acid residues typical of the 207 polypeptides.
Results

Bacterial Isolations from Wild Adult Blueberry
Maggot Flies and Blueberries. All 27 ßies yielded culturable bacteria that were identiÞed as P. agglomerans, Enerobacter cloacae, Klebsiella pneumoniae, Pseudomonas cepacia, and Serratia liquefaciens. Concentrations of total bacteria in esophageal bulb, crop, and midgut samples are presented in Table 1 . All bacteria are gram-negative heterotrophic facultative anaerobes with the exception of P. cepacia, a heterotrophic aerobe. Enterobacter/Pantoea species were found in 25/27 ßies followed by K. pneumoniae, which was isolated in 20/27 ßies. P. cepacia was isolated from 16/27 ßies, and S. liquefaciens was found to inhabit 4/27 ßies. E. cloacae and P. cepacia were not isolated from esophageal bulb samples, and S. liquefaciens was only found in midgut samples.
Pantoea agglomerans was found in all maggot-infested blueberry samples (N ϭ 6) and not isolated from control blueberries. Other microorganisms were also isolated but not identiÞed.
Attraction of R. mendax to Washed P. agglomerans Cells. Pherocon AM traps augmented with P. agglomerans captured signiÞcantly more R. mendax than any other trap treatment (F ϭ 18.36; df ϭ 3,15; P Ͻ 0.01; Table 2.). Mean ßy captures for Pherocon AM without bacterial cells and Ladd traps with or without bacterial cells were nearly identical.
Amino Acid Analyses. Noninfested blueberries contained, on average, 1.96 g (24.8 mmol)/kg of ßesh, whereas infested blueberries contained 3.75 (50.4 mmol). When data for each amino acid were converted to moles of nitrogen, maggot-infested blueberry contained 2.04 times more amino acid nitrogen per unit of weight than that observed for control fruit. In other terms, this translated to a 104% increase in amino acid nitrogen per unit weight for infested fruit (conversion not shown).
Discussion
We found that bacteria from alimentary canal organs of wild R. mendax are similar to those bacterial species reported in association with R. pomonella and their host fruits (Lauzon 1991 ). Moreover, P. agglomerans and K. pneumoniae were isolated most frequently from R. mendax, and these bacteria have been found to be important in the life history of R. pomonella (Lauzon et al. , 2000 and Ceratitis capitata Wiedemann, the Mediterranean fruit ßy (Potter 2001 ), and isolated from Rhagoletis completa, Cresson, the walnut husk ßy . Also similar to R. pomonella, R. mendax were attracted to traps that contained cells of P. agglomerans (MacCollom et al. 1992 (MacCollom et al. , 1994 . In contrast to R. pomonella, R. mendax were not attracted to Ladd traps containing bacteria and apple odors. It is also possible that R. mendax may have been repelled. The apple odors may have negated the effects of the bacterial odors but clearly more work needs to be done to understand this Þnding.
Studies into bacterial associations of fruit ßies have historically involved the search for attractive compounds (Robacker and Garcia 1993 , Robacker and Flath 1995 , Epsky et al. 1997 , Robacker et al. 1998 , Robacker and Lauzon 2002 , Robacker et al. 2004 ) that can be used to enhance trap capture. With recent reports that ingestion of P. agglomerans and K. pneumoniae bacteria can positively affect fruit ßy Þtness (Niyazi et al. 2004) , and repair the gut of irradiated C. capitata used in Sterile Insect Technique (Lauzon and Potter 2009a) , it is difÞcult to dispute that bacteria are important contributors to the success of these insects and inßuence the digestive physiology of these fruit ßies. The question remains, however, what are the bacteria affording the ßy?
One of the roles of bacteria is the direct and/or indirect provisioning nitrogen to fruit ßies. Drew et al. (1983) showed that bacteria alone could serve as a complete breeding diet for Bactrocera tryoni. P. agglomerans and Klebsiella spp. have been reported to Þx atmospheric nitrogen (Brenner 1992 ) and strains of E. (Pantoea) agglomerans and Klebsiella spp. from B. tryoni in Australia (Murphy et al. 1994 ) and C. capitata in Israel (Behar et al. 2005 ) have also been conÞrmed to Þx atmospheric nitrogen. The degree and contribution of nitrogen Þxation for fruit ßies in nature remains to be determined but could save the ßies and larvae from nitrogen starvation. Blueberries, for example, are rich in carbohydrate but low in protein (USDA 2002) .
Bacteria also provide odors that indicate the presence of nitrogen , such as ammonia (Hendrichs and Hendrichs 1990 , Hendrichs et al. 1993 , Epsky et al. 1997 , Robacker and Lauzon 2002 , and degrade natural food (Lauzon et al. 2000, Robacker and Lauzon 2002) and pesticides ) to more usable forms of nitrogen. It is likely that bacteria offer more than one beneÞt to fruit ßy nutrition and/or digestive physiology given their diverse catabolic capabilities.
Other odors identiÞed from P. agglomerans suggest that the bacteria also assist ßies in locating fruit and mating sites. Epsky et al. (1998) and Robacker and Lauzon (2002) have shown the bacterial production of compounds that mimic fruit odors and precursors of fruit ßy pheromones. Pelz-Stelinski et al. (2005) showed that R. mendax was attracted to ripe blueberries but not to blueberry juice concentrate (PelzStelinski et al. 2005) . Their Þndings suggest that attraction is mediated by a mixture that includes odors produced by bacteria in or on blueberries that are also associated with pest tephritids. In that respect, identifying odors and blends from bacteria found to attract R. mendax may help optimize current lures used to monitor R. mendax in the Þeld and elucidate important 14.50a
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P.a., Pantoea agglomerans.
principles that contribute to maximizing the attractive power of lures, baits, and/or traps. Blueberries that previously contained maggots contained twice the amount of amino nitrogen than control blueberries. P. agglomerans was also found in maggot infested blueberries and absent in control blueberries; however, entire blueberries were analyzed for amino acid levels and thus we can only link the presence of P. agglomerans to higher levels of amino nitrogen. These Þndings suggest, however, that P. agglomerans participates in creating a nitrogen rich environment for developing eggs and larvae. Because of the conÞnement of eggs and larvae within host fruits that are generally low in nitrogen, bacteria could serve as an important source or purveyors of nitrogen. Drew (1988) found similar increases in amino acid content in fruit ßyÐinfested fruits. To conÞrm that P. agglomerans provisions amino nitrogen in blueberry would require additional experiments that included the inoculation of blueberries with P. agglomerans with subsequent amino acid analysis. P. agglomerans may itself be a source of nitrogen and should also be analyzed.
DeÞning symbiotic relationships that exist between bacteria and pest tephritids lends new opportunities for management and control strategies and furthers our understanding of fruit ßy biology and behavior. Potential exists for Þnding new lures for traps and nutrients for fortifying mass reared and sterile tephritids and ways to use bacteria to deliver agents to any life stage. These possibilities open new avenues of study for R. mendax.
